INTRODUCTION
============

Porcelain laminate veneers are among the most popular aesthetic dental restorations for correcting the color shade or shape of the teeth. They are the preferred choice for dental aesthetics due to optimal properties, such as adequate high strength, ideal aesthetics, an appearance similar to that of natural enamel, no need for tooth preparation and biocompatibility with the periodontal tissue \[[@B1]\].

Adherence to more conservative approaches in recent years has led to the development of very thin laminate veneers with higher translucency \[[@B2]\]. However, providing proper color shade and maintaining it in the long-term are challenging issues concerning these restorations \[[@B3]\]. The IPS e.max ceramic is extensively used for laminate veneering of the anterior teeth due to its unique structure, adequate high strength, various color shades, high translucency, and unique crystalline form \[[@B4]\].

The crystalline volume and the refractive index of this ceramic are different from those of other systems, yielding a more translucent appearance. However, this advantage can turn into a disadvantage in case of discoloration of the underlying cement \[[@B4],[@B5]\].

The color change of cements after cementation or over time affects the final color of restorations. This problem is more prominent in more translucent, thinner laminate veneers (0.5- to 0.9-mm thickness) and negatively affects their long-term success \[[@B6]\].

Conventionally, the bonding technique and resin cements are used for the cementation of these restorations \[[@B7]\]. Resin cements have optimal properties, such as favorable aesthetics, low solubility, high bond strength to the tooth structure, and optimal mechanical properties \[[@B8],[@B9]\]. However, their application requires several steps of dental surface conditioning and they have high technical sensitivity, which results in a relatively high risk of procedural errors \[[@B10]\]. The seventh-generation resin cements, also known as self-adhesive resin cements, were introduced to the market to facilitate and simplify the use of resin cements in the clinical setting and to save time. Even though they greatly simplify the cementation procedure and do not require any tooth preparation before cementation, some concerns still exist regarding their properties, such as their bond strength to dental structures, microleakage, and mechanical properties over time, which have not been well investigated \[[@B11]--[@B13]\]. The color stability of the cements under restorations is one of the critical factors affecting their long-term success \[[@B14]\]. The majority of studies on color stability of resin-based luting cements used for cementation of ceramic veneers applied one layer of the luting agent on the ceramic surface \[[@B15]--[@B20]\] or had monolithic cement samples with no dental structure subjected to accelerated aging \[[@B21]--[@B23]\].

In such studies, a large surface area of the luting cement is exposed to storage conditions, whereas in the clinical setting, the luting agents are only exposed to the oral environment at the margins of ceramic veneers. On the other hand, the majority of studies on the color stability of resin cements have mainly focused on the cements alone, and the effect of the color change of the cement on the final color of the restoration and treatment outcome has not been evaluated \[[@B24]--[@B26]\]. Therefore, this study aimed to assess the color stability of ceramic laminate veneers cemented to tooth structure using self-etch and self-adhesive cements following accelerated aging. The null hypothesis was that laminate veneers cemented with self-adhesive and self-etch cements would not undergo color change following accelerated aging.

MATERIALS AND METHODS
=====================

This in-vitro experimental study evaluated 21 ceramic discs fabricated of high-translucency lithium disilicate glass ceramic blocks (IPS e.max Press; Ivoclar Vivadent, Schaan, Liechtenstein).

The ceramic discs were fabricated by burnout of disc-shaped wax patterns with a 0.5-mm thickness and an 8-mm diameter in a furnace (IPS Empress EP 600; Press furnace, Ivoclar Vivadent, Schaan, Liechtenstein) at 920°F using the heat pressing technique.

After removing the samples from the furnace and cleaning with acid, the thickness of the samples was measured using a five-point digital gauge to ensure uniform thickness of all discs. Next, the A2 shade of e.max ceramic powder was applied in a 0.2-mm thickness. The final diameter of the samples after applying the powder was 0.7 mm. The thickness of the discs at different points was controlled using a gauge. The samples were then placed in an ultrasonic bath containing distilled water for 10 minutes to eliminate possible contaminations. The samples were then transferred to a dental laboratory for the glazing of one surface of each disc. To better simulate the clinical settings, 21 bovine central incisors were used, and the facial surface of the teeth was smoothened using a diamond disc (Degussa Dental, Hanau, Germany) to perfectly match the ceramic discs. To more accurately assess the color parameters of the samples, the bovine teeth were mounted in gypsum cubic molds measuring 2×2×2 cm^3^ such that their facial surface was at the level of the superior surface of the mold. This was done to standardize the position of the samples before and after accelerated aging in terms of the vertical and horizontal angles relative to the spectrophotometer and the light source.

The discs and the teeth were then randomly divided into three groups (n=7) according to the use of three resin cements. Two self-adhesive resin cements \[RelyX U200 (3M ESPE, St. Paul, MN, USA) and SpeedCEM (Ivoclar Vivadent, Schaan, Liechtenstein)\] and a light-cure total-etch resin cement \[Choice 2 (Bisco Inc., Schaumburg, IL, USA)\] were used in this study. The A2 shade of the two self-adhesive resin cements and the transparent or yellow transparent shade of the third cement were selected for this study.

Before the cementation of the samples, the bonding surface of the ceramic discs in all groups was etched using 9.5% hydrofluoric acid (porcelain etchant; Bisco Inc., Schaumburg, IL, USA) for 20 seconds according to the manufacturer's instructions and was then rinsed and dried with air spray. [Table 1](#T1){ref-type="table"} presents the composition of monomers and the technique of application of each cement.

###### 

Composition and application method of the materials used in this study

  **Material**     **Type**                    **Monomer**                                                                                                                                                                                  **Manufacture**                           **Instructions**
  ---------------- --------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------- ------------------------------------------------------------------------------------------------------------------------
  **SpeedCEM**     Self-adhesive               Dimethacrylates, DMA (2-(dimethylamino) ethyl methacrylate), acidic monomers                                                                                                                 Ivoclar Vivadent, Schaan, Liechtenstein   Mix with dual syringe cartridge.Apply, light-cure (2 seconds), and remove excess.Light-cure (20 seconds)
  **RelyX U200**   adhesive (dual-Self-cure)   Base: 2-methyl 1,1′-(1-\[hydroximethyl\]-1,2-dimethacrylate, TEGDMA (triethylene glycol ethanodlyl) ester dimethacrylate) Catalyst: substitute dimethacrylate,1,12 dodocane dimethacrylate   3M ESPE, St. Paul, MN, USA                Apply primer and dryMix catalyst and base pasteApply, light-cure (2 seconds), and remove excessLight-cure (20 seconds)
  **Choice 2**     Light-cure                  Bis-GMA (bisphenol glycol dimethacrylate)                                                                                                                                                    Bisco Inc., Schaumburg, IL, USA           Etch with UNI-ETCH (15 seconds), rinse, and remove excess water

The samples were then transferred to a spectrophotometer (Color-Eye® 7000A, GretagMacbeth, New Windsor, NY, USA) to measure their color parameters. A rectified light source illuminated the surface of the samples at a 45° angle relative to the vertical axis from approximately a 70-cm distance. The viewing angle was adjusted to 1° to yield a circle with a 7-mm diameter at the center of each sample for measurements. This was done to eliminate the confounding effect of the edges of the resins on the results since the edges could have been subjected to external factors. Moreover, it minimized the edge loss effect as much as possible \[[@B9]\]. According to ISO 7491, a white background was used \[[@B27]\]. Measurements were repeated three times for each sample, and the mean of the values was calculated and reported. The color parameters were calculated under D65 standard conditions using CS-S10w software (Konica Minolta Sensing Americas Inc., Ramsey, NJ, USA). The use of D65 standard conditions was because of its application in dental colorimeters \[[@B28]\]. The CIE L\*a\*b\* color parameters were measured for each sample.

The samples then underwent accelerated aging in the Xenotest alpha chamber (Heraeus Kulzer, Hanau, Germany) with xenon light. This chamber has a filter that distributes the xenon light energy to simulate daylight (within the visible light spectrum). The samples were fixed to the Xenotest holders such that the facial surface of the teeth was completely exposed to the light. The device settings were adjusted according to ISO 7491, which determines the method of assessment of tooth color change \[[@B29]\] at 37°C and 100% humidity.

The samples were subjected to accelerated aging for 100 hours. After removal from the machine, the samples were subjected to spectrophotometry with similar conditions as the baseline assessment to determine the possible changes in the color parameters. spectrophotometry with similar conditions as the baseline assessment to determine the possible changes in the color parameters.

Data were analyzed using two-way analysis of variance (ANOVA). Since the interaction effect was significant, one-way ANOVA was applied to assess the change in the color parameters in the groups. Since data were not normally distributed, pairwise comparisons were carried out using the Temhane's post-hoc test. P\<0.05 was considered statistically significant. All statistical analyses were carried out using SPSS version 20 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

The CIE 1976 color difference formula was used via the MATLAB software (Mathworks Inc., Natick, MA, USA) to determine the changes in the color parameters in the three resin cement groups.

According to [Table 2](#T2){ref-type="table"}, the color change (ΔE) and Δa in the Choice 2 cement group significantly increased after aging compared to the baseline (P\<0.05). ΔE was equal to 3.4 in this group.

###### 

Mean±standard deviation (SD) of color parameters before (1) and after (2) accelerated aging

  **Cement**   **Choice 2**   **RelyX U200**   **SpeedCEM**   
  ------------ -------------- ---------------- -------------- ------------
  **L**        **1**          73.17±2.01       73.88±1.85     76.05±2.08
  **2**        72.87±2.52     74.93±1.31       77.46±1.37     
  **ΔL**       −.30±3.81      1.04±1.68        1.38±3.40      
  **A**        **1**          3.15±0.57        2.87±0.56      2.72±0.44
  **2**        3.02±0.44      2.72±0.39        2.72±0.44      
  **Δa**       0.45±0.54      0.63±0.59        0.66±0.54      
  **B**        **1**          21.88±1.24       21.29±0.92     21.85±1.54
  **2**        21.80±1.12     22.01±0.72       22.80±1.37     
  **Δb**       0.03±2.10      1.69±1.05        1.04±2.40      
  **C**        **1**          21.92±1.68       21.49±0.93     21.95±1.52
  **2**        22.01±1.15     22.18±0.73       22.97±1.41     
  **ΔC**       0.08±2.06      1.75±1.02        1.11±2.43      
  **ΔE**       3.48±2.20      2.76±0.94        4.21±1.61      

ΔE=\[(ΔL)2+(Δa)2+(Δb)2\]1/2

In the RelyX U200 resin cement group, all parameters (ΔL, a\*, b\*, C, and E) significantly increased after aging compared to the baseline (P\<0.05). ΔE was equal to 2.7 in this group. In the SpeedCEM group, ΔE and Δa significantly increased after aging compared to the baseline (P\<0.05). ΔE was equal to 4.2 in this group. Considering the significant difference in the color change experienced by the samples in the three groups, pairwise comparisons were made using the Tamhane's post-hoc test, and significant differences were noted between some groups. RelyX U200 and Choice 2 cements were significantly different in terms of Δb and ΔC. Also, RelyX U200 and SpeedCEM were significantly different regarding color stability (ΔE).

[Figures 1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"} compare changes in color parameters among the groups before and after aging.
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DISCUSSION
==========

This study aimed to evaluate the color stability of laminate veneers cemented with three different resin cements after accelerated aging. Artificial accelerated aging is commonly performed to simulate the effect of time on different physical and chemical characteristics of different materials. In this technique, dental materials are subjected to a combination of ultraviolet (UV) radiation, thermal alterations, and constant humidity to simulate the oral conditions \[[@B6]\].

This technique, however, cannot ideally simulate the oral conditions such as exposure to colored foods and drinks or plaque accumulation \[[@B30]\] but it can be used to determine the tolerance threshold of dental materials.

The color of dental restorative materials can be measured visually or instrumentally \[[@B31]\]. In this study, the color change was evaluated by spectrophotometry. According to Vichi et al \[[@B18]\], ΔE values smaller than 1 are considered undetectable by the human eye; values between 1 and 3.5 are only detectable by dental clinicians and are therefore considered acceptable while values \>3.5 are detectable by everyone even the laypeople and are considered unacceptable \[[@B18]\].

Accelerated aging in the present study led to color change in all groups and increased the ΔE parameter of SpeedCEM self-cure self-adhesive cement to beyond the critical threshold. The color stability of SpeedCEM was lower than that of the light-cure and dual-cure cements. Thus, the null hypothesis of the study was rejected.

The color change of Choice 2 light-cure resin cement and RelyX U200 self-adhesive dual-cure resin cement was in the acceptable range. However, Lu and Powers \[[@B21]\] and Smith et al \[[@B32]\] observed the unacceptable color change of dual-cure and light-cure resin cements. This finding may be related to their experimental design as the thickness of the cement discs in the cited studies was 1--2 mm while in the clinical setting, only the cement margin is exposed to the oral environment and the rest ceramic restorations \[[@B33]\]. In this study, 0.5-mm ceramic laminates and minimal cement thickness were used on the disc-shaped dental substrate to simulate the actual condition. The discs were made because the curved surface of the teeth has a negative influence on light reflectance, leading to inaccurate measurement results \[[@B4]\].

Water sorption due to artificial accelerated aging alters the refractive index of resins and changes the color parameters \[[@B34]\].

Thus, part of the observed color change may be attributed to hydrolytic degradation caused by the aging of the samples \[[@B17]\].

The chemical structure of these cements can be a major contributor to their low color stability as the filler content and type of monomers in the resin cement have a confirmed effect on the color stability of cements \[[@B35]\]. The higher color change of SpeedCEM after aging may be the result of the oxidation of tertiary amines in the composition of self-adhesive cements compared to aliphatic amines present in the composition of light-cure and dual-cure cements. Moreover, self-adhesive cements contain high concentrations of benzoyl peroxide, which oxidizes and may be responsible for the color change of these cements.

Additionally, during accelerated aging, the samples absorb light in the UV spectrum, yielding a yellow color \[[@B36]\]. The hydrophilicity of acidic monomers in SpeedCEM cement and chemical alterations in the initiator system, activators, and the resin induced by UV irradiation after artificial accelerated aging may have a synergistic effect in compromising the mechanical and chemical properties of this cement \[[@B16]\]. These changes in the physicochemical characteristics may induce more color change in the cement.

The results of this study showed that there is no significant difference between RelyX U200 dual-cure self-adhesive cement and Choice 2 light-cure cement.

This finding was consistent with the results of studies that did not find any difference in the color stability of light-cure and dual-cure cements \[[@B2],[@B22], [@B36]\].

The dual-cure cement was more color stable, probably due to the higher concentration of light-sensitive components compared to the chemical components in its composition \[[@B2]\]. Another explanation for color stability of dual-cure and light-cure resin cements in the present study was that any color change in a thin cement layer in the clinical setting would be less detectable compared to the same degree of color change in thicker cement layers in vitro \[[@B20],[@B21]\]. However, Almeida et al \[[@B37]\] showed that the color stability of dual-cure cements was less than that of light-cure cements, which may be due to the composition of luting agents and the method of aging in their study.

The setting mechanism of these cements are complex, and the degree of polymerization and the amount of non-reacted monomers in these cements are not predictable. Thus, color change in the dynamic environment around the teeth and ceramics does not follow a specific law.

In the present study, the "a" parameter significantly increased after aging in all three resin cements compared to the baseline. Moreover, the increase in "C" and "b" parameters was also significant in RelyX U200 cement and had significant differences with the corresponding values in Choice 2 light-cure cement. The behavior of RelyX U200 dual-cure cement in our study was in line with the results reported by Kilinc et al \[[@B9]\] who showed an increase in "a" and "b" color parameters in all resin cements after aging. The increase in "a" and "b" parameters indicates that the samples have become more chromatic \[[@B38]\].

In a study by Marchionatti et al \[[@B33]\], an increase in Δa (red) and Δb (yellow) was noted over time. Lu and Powers \[[@B21]\] also indicated that all resin cements tested in their study experienced significant color change following accelerated aging, and the change in the value and chroma was mainly responsible for their perceivable discoloration. Similarly, Almeida et al \[[@B37]\] reported that accelerated aging had a darkening effect on the samples, depending on the type of the luting agent used, even though the samples were not exposed to external stains. They explained the reason to be the presence of oxidized or unreacted components of the polymerization process and their function as intrinsic pigments \[[@B37]\]. Although due to the complex environment of the oral cavity, the generalization of the results of experimental studies to the clinical situation is problematic, it seems that despite the manufacturers' recommendations regarding the use of self-adhesive resin cements for cementation of all ceramic restorations, the results of previous in-vitro studies, as well as the current investigation, do not support this recommendation.

CONCLUSION
==========

Within the limitations of this in-vitro study, the results showed that ΔE significantly increased after aging in all three cement groups, and this increase exceeded the critical threshold in the self-adhesive self-cure cement group. However, dual-cure self-adhesive cements can serve as a suitable alternative to light-cure cements for cementation of ceramic laminate veneers given that they are completely polymerized. However, since the thickness and translucency of the ceramic affect the polymerization rate of resin cements, future studies are required to assess the effect of these factors on the color stability of resin cements.
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